We studied the interactive effects of water stress and solar irradiance on physiological and biochemical traits in Ligustrum vulgare L., with special emphasis on antioxidant enzymes and flavonoids. Water relations, photosynthetic performance, plant growth, activities of antioxidant enzymes and of phenylalanine-ammonia-lyase, and concentrations of nonstructural carbohydrates and phenylpropanoids were measured in plants growing in 12% (shade) or 100% (sun) sunlight and supplied with 100 or 40% of daily evapotranspiration-demand over a 4-week period. The mild water stress treatment caused leaf water potential and relative water content to decline on average by -0.22 MPa and 4.5%, respectively. In response to the water stress treatment, photosynthetic rates decreased more in sun plants than in shade plants, likely because of declines in photosystem II photochemistry, apparent maximum rate of carboxylation and apparent maximum electron transport rate coupled with significant reductions in stomatal conductance. Antioxidant enzymatic activities, which were much greater in sun leaves than in shade leaves under well-watered conditions, increased (particularly the enzymatic activities associated with hydrogen peroxide removal) in response to water stress only in shade leaves. Antioxidant phenylpropanoids, particularly quercetin and luteolin derivatives, markedly increased in response to full sunlight irrespective of water treatment; however, antioxidant phenylpropanoid concentrations increased in response to water stress only in shade leaves. We suggest that:
Introduction
Response mechanisms to water stress coupled with high solar radiation have been widely investigated, particularly in Mediterranean species (see reviews by Pereira and Chaves 1993 , Chaves et al. 2002 . A water-stress-induced decrease in net CO 2 assimilation rate (Chaves et al. 2003 , Flexas et al. 2004 exacerbates the deleterious effects of high solar irradiance on the photosynthetic machinery, because use of visible light in photosynthetic processes is drastically reduced (Demmig-Adams and Adams 1996, Osmond et al. 1999) . As a consequence, plants are exposed to photoxidative stress and faced with an increased generation of reactive oxygen species (ROS) in the photosynthetic apparatus (Foyer et al. 1994 , Niyogi 1999 , Foyer and Noctor 2000 . The primary mechanism through which leaves counter an increased oxidative load is by enhancing the activity of a complex of constitutive antioxidant enzymes (and ascorbic acid; Foyer 1998, Foyer 2004 ). However, plants have evolved strategies to use ROS as signal transduction molecules of stressful conditions (Apel and Hirt 2004 , Laloi et al. 2004 , Mullineaux et al. 2006 , and, hence, they must keep the steady-state level of ROS at a sub-toxic concentration, not merely reduce them (Torres and Dangl 2005, Suzuki and Mittler 2006) .
The induction of antioxidant genes (Rusnak and Reiter 2000, Vinyard et al. 2005 ) and the phenylpropanoid pathway, especially the flavonoid biosynthetic pathway, are up-regulated by ROS (Green and Fluhr 1995 , Mackerness et al. 2001 , Pellinen et al. 2002 , Babu et al. 2003 . It has been suggested that flavonoids serve key functions in keeping ROS at a subtoxic concentration (Gould et al. 2002 , Neill and Gould 2003 , Agati et al. 2007 ), because of their ability to inhibit the generation of, and to scavenge, free radicals (Rice-Evans et al. 1997 , Brown et al. 1998 , Tattini et al. 2004 , in addition to quenching hydrogen peroxide (H 2 O 2 ) in vacuoles (Yamasaki et al. 1997 , Takahama 2004 ) and the highly reactive singlet oxygen ( 1 O 2 ) in chloroplasts (Agati et al. 2007) .
The complex interaction of drought and shade effects on plant performance have been analyzed in some detail with controversial results, partly because of variation in the irradiances reaching so-called shaded plants (Groom and Lamont 1997 , Sack 2004 , Valladares et al. 2005 , Quero et al. 2006 , Sánchez-Gómez et al. 2006 . How a plant's physiology and biochemistry are affected by water stress under conditions of partial shading (i.e., irradiances much greater than 5% of full sunlight) is of great ecological significance for most species inhabiting Mediterranean-type ecosystems (Valladares and Pearcy 1997 , Tattini et al. 2004 , Duan et al. 2005 . In drought-stressed Heteromeles arbutifolia L., the efficiency of photosystem II (PSII) photochemistry underwent a transiently greater reduction in shaded leaves (sunlight about 14% of full sun) than in full-sun leaves, because the structural traits of shaded leaves were unable to counter sun-fleck-induced damage to the photosynthetic apparatus (Valladares and Pearcy 2002) . The occurrence of such damage and the fact that there is a delicate equilibrium between water-stress-induced oxidative load and the potential enhancement of antioxidant defenses in response to high solar radiation (Mittler et al. 2004 , Duan et al. 2005 indicate that the effect of water stress on plant performance may differ between plants in full sunlight and in shade, particularly at the biochemical level.
Here we analyzed response mechanisms to changes in both water supply (plants supplied with 100 or 40% of the daily evapotranspiration demand) and solar irradiance (plants exposed to 12 or 100% of sunlight) in Ligustrum vulgare L., a facultative evergreen shrub almost exclusively distributed in partially shaded areas of the Mediterranean basin. We examined the effects of water supply and solar irradiance on several physiological traits (i.e., water relations, photosynthetic performance and plant growth), with special emphasis on the interactive effects of water stress and solar irradiance on the antioxidant enzyme system and the metabolism of polyphenols, particularly flavonoid metabolism.
Materials and methods

Plant material and growth conditions
One-year-old container-grown Ligustrum vulgare plants were pruned back to five or six 15-cm-long shoots at the end of June 2004. Plants were grown outdoors in Pisa, Italy (43°43′ N, 10°23′ E), in 20% sunlight (mean midday photosynthetic active radiation (PAR, over the 400-700 nm waveband) on clear days was 385 µmol m -2 s -1 ), i.e., at the solar irradiance mostly experienced by L. vulgare in Mediterranean areas, and supplied with one-third strength Hoagland's solution three times a week, over a 2-month period. Plants assigned to the shade treatment were then placed in a 1-m 3 box with both roof and walls constructed of polyethylene shade cloth to receive 12% (shade) of incident solar radiation, whereas sun plants were placed in a comparable box without shade cloth and exposed to full sunlight (sun). Plants were supplied with either 100% (well watered, WW) or 40% (water stressed, WS) of the daily evapotranspiration demand (evapotranspiration was determined by daily mass loss of 10 replicate pots per light treatment, which were irrigated to run through). Final light and water treatments were achieved by progressively incrementing either the increase in solar irradiance or the decrease in water supply over a 5-day period. Plants were exposed to the light and water treatments for an additional 4-week experimental period, with their positions changed at 1-week intervals. Solar irradiance was measured over the 280-700 nm waveband, with both an LI-1800 spectroradiometer (Li-Cor, Lincoln, NE) equipped with a remote cosine sensor and an SUV 100 scanning spectroradiometer (Biospherical Instruments, San Diego, CA) on 15 days, both clear and cloudy, throughout the experiment. Plants in full sun received a daily dose of 10.5 MJ m -2 , 0.89 MJ m -2 and 18.2 KJ m -2 in the PAR, UV-A and UV-B wavebands, respectively. Shade plants were exposed to a daily dose of 1.21 MJ m -2 , 0.095 MJ m -2 and 1.98 KJ m -2 in the PAR, UV-A and UV-B wavebands, respectively. Temperature maxima/minima were measured daily with Tinytag Ultra2 data loggers (Gemini Dataloggers, U.K.) and averaged 29/14 °C and 27/16 °C in full sun and shade, respectively.
Water relations, gas exchange and chlorophyll fluorescence
Plant water status was estimated by measuring leaf water potential (Ψ w ) and relative water content (RWC = (FM -DM)/(TM -DM), where FM, TM and DM denote fresh, turgid and dry masses, respectively (Tattini et al., 2002) .
Gas exchange measurements were made with a Li-Cor LI-6400 portable photosynthetic unit equipped with an infrared gas analyzer and a Parkinson leaf chamber. Response curves of CO 2 assimilation rate (A) to photosynthetic photon flux (PFF) were constructed in the descending mode with a Li-Cor LI-6400-02B LED as the light source, in leaves kept at 24-26°C and 60% relative humidity, and exposed to 350 ppm external CO 2 . The CO 2 assimilation rate (A max ), stomatal conductance to water vapor (g s ) and intercellular CO 2 concentration (C i ) were measured at a saturating PFF; i.e., at 450 and 900 µmol m -2 s -1 for shade and sun leaves, respectively. The response of A to changes in C i concentration (A/C i curves, conducted at saturating PAR) was analyzed by keeping the leaf chamber CO 2 concentration at 50 ppm over a 60-min period, to stimulate stomatal opening. The A/C i curves were constructed by varying the external CO 2 concentration (C a , from 0 to 1500 ppm CO 2 ) with a Li-Cor LI-6400-01 CO 2 mixer coupled to an external CO 2 cartridge. Estimates of the apparent maximum rate of carboxylation by Rubisco (apparent V cmax ) and the apparent maximum electron transport rate contributing to ribulose-1,5-bisphosphate (RuBP) regeneration (apparent J max ) were made by fitting a maximum likelihood regression below and above the inflexion of the A/C i response by the method described by McMurtrie and Wang (1993) . Patchy stomatal closure (monitored with the Imaging Chlorophyll Fluorescence package provided with the Walz Imaging-PAM fluorometer, data not shown), which may lead to erroneous estimates of C i (particularly in water-stressed leaves), did not occur in our experiment. Finally, we calculated leaf net CO 2 assimilation over the whole experimental period (CO 2 tot ), following the protocols reported by Valladares and Pearcy (1997) and Tattini et al. (2005) , on the basis of daily measurements of net A max (diurnal assimilation minus nighttime respiration) conducted at weekly intervals throughout the experimental period.
Steady-state modulated chlorophyll fluorescence analysis was performed with a portable PAM-2000 fluorometer (Walz, Effeltrich, Germany) connected to a Walz 1030-B leaf-clip holder through a Walz 2010-F trifurcated fiber optic as reported by Tattini et al. (2005) . Briefly, the maximum efficiency of PSII photochemistry was calculated as F v /F m = (F m -F 0 )/F m , where F v is variable fluorescence and F m is maximal fluorescence of dark-adapted (over a 40-min period) leaves. Minimal fluorescence, F 0 , was measured with a modulated light pulse < 1 µmol m -2 s -1 , to avoid appreciable variable fluorescence. We determined F m and maximum fluorescence in the light (F m ′ ) at 20 kHz with a 0.8-s saturating light pulse of white light at 8000 µmol m -2 s -1 . We determined F m ′ at 450 and 900 µmol m -2 s -1 over the PAR waveband; i.e., at saturating irradiances for shade and sun leaves, respectively. Photosystem II quantum yield in the light (Φ PSII ) and non-photochemical quenching (NPQ = (F m /F m ′) -1) were estimated by the saturation pulse method described by Schreiber et al. (1986) , and calculated according to Genty et al. (1989) and Bilger and Björkman (1990) , respectively. Approximation of the electron transport rate (ETR) through PSII was calculated as (Genty et al. 1989) :
Absorptance was estimated with a Li-Cor 1800 spectroradiometer equipped with a Li-Cor 1800-125 integrating sphere at 82 or 87.5% in sun or shade leaves, respectively. The factor 0.5 in Equation 1 assumes an equal distribution of absorbed photons between PSI and PSII.
Analysis of growth
Growth was estimated by measuring leaf area expansion rate (LAER, cm 2 day -1 ), i.e., the newly developed leaf area on a daily basis, and shoot relative growth rate (RGR s , mg g DM -1 day -1 ). We calculated RGR s by measuring the increments in shoot DM over the experimental period as:
where t is time, and the subscripts 1 and 0 indicate the final and initial harvest, respectively. Shoot DM was determined on 10 replicate plants, and averaged 14.1 ± 1.6 (mean ± SD) and 14.5 ± 1.3 g in shade and sun plants, respectively, at t 0 .
Quantification of nonstructural carbohydrates and antioxidant enzymes
Leaf soluble carbohydrates and starch were quantified as reported for other Oleaceae spp. (Tattini et al. , 2002 . In brief, identification and quantification of soluble carbohydrates, i.e., fructose + myo-inositol, galactose, glucose, mannitol, raffinose, stachyose and sucrose, were by liquid chromatography coupled with a refractive index detector (HPLC-RI). Starch was determined in the pellet remaining following ethanol extraction of the tissue as described by Gucci et al. (1991) , and expressed on a glucose equivalent basis. Antioxidant enzymatic activities and ascorbate concentration were measured in fresh leaf material, which was extracted as described by Di Cagno et al. (2001) . Superoxide dismutase (SOD; EC 1.15.1.1) activity was measured photometrically at 560 nm, based on the inhibition by SOD of nitroblue tetrazolium (NBT) reduction. One unit of SOD was defined as the amount needed to bring about a 50% inhibition of the NBT reduction state (Beyer and Fridovich 1987) . Catalase (CAT; EC 1.11.1.6) activity was measured photometrically at 270 nm (Cakmak and Marschner 1992) by determining the rate of conversion of H 2 O 2 to O 2 . Total ascorbate peroxidase (APX; EC 1.11.1.11) activity was measured as the decrease in absorbance at 290 nm, resulting from ascorbate oxidation (Nakano and Asada 1981) . The concentration of ascorbic acid (ASC) was determined spectrophotometrically as described by Kampfenkel et al. (1995) .
Quantification of soluble polyphenols and PAL activity
Extraction and purification procedures and HPLC-DAD analyses of total soluble polyphenols were performed according to the protocols previously reported by Romani et al. (2000) and Tattini et al. (2004) . Briefly, 30-40 mg of freeze-dried tissue was extracted with 3 × 8 ml of 75% aqueous ethanol adjusted to pH 3.2 with formic acid. The supernatant was partitioned with 3 × 8 ml of n-hexane, reduced to dryness in a Savant SpeedVac Plus SC210A refrigerated concentrator (Savant Instruments), and finally rinsed with 1 ml of H 2 O:CH 3 OH:CH 3 CN (20:60:20; v/v) . Aliquots of 15-30 µl were injected into an HP1100 liquid chromatograph equipped with a diode array detector (DAD), and managed by an HP workstation (all from Hewlett & Packard, Palo Alto, CA). The column was a Merck LiChrosorb RP 18 (Merck, Darmstadt, Germany), 8 × 250 mm, maintained at 26°C, and equipped with an 8 × 10 mm LiChrosorb RP 18 pre-column. The eluent was H 2 O (adjusted to pH 3.2 with H 3 PO 4 )/CH 3 CN, and polyphenols were separated using a seven-step linear gradient solvent system with a flow rate of 1 ml min -1 during a 106-min run as described by Romani et al. (1996) . Flavonoids, namely quercetin 3-O-rutinoside (que 3-O-rut), luteolin 7-O-glucoside (lut 7-O-glc), luteolin 4′-O-glucoside (lut 4′-O-glc), both apigenin 7-O-rutinoside and apigenin 7-O-glucoside (referred to as api 7-O-gly throughout the paper), were identified by comparison of their retention times and UV spectra with those of standards (Extrasynthese, Lyon-Nord, Genay, France) and quantified at 350 nm (Tattini et al. 2005 ). Echinacoside and p-coumaric acid were quantified at 330 and 310 nm, respectively, as reported in Tattini et al. (2004) . The identification and quantification of secoiridoids (ligustaloside A, ligustaloside B, ligstroside and oleuropein) and tyrosol derivatives (hydroxytyrosol-glucoside and hydroxytyrosol) were performed as described by Tattini et al. (2004) .
The amount of newly assimilated carbon allocated to total phenolics (phenolic CO 2 ; mg g -1 CO 2 ) was calculated by normalizing the increase in total soluble phenolic concentration on a tissue DM basis (mg phenolic g DM -1 ) to assimilated CO 2 (g CO 2 g DM -1 ) during the experiment t 1 -t 0 based on an equation similar to that reported by Tattini et al. (2004) :
We note that Equation 3 underestimates the actual amount of carbon allocated to total phenolic biosynthesis, because phenolic CO 2 takes no account of phenolic turnover (Kleiner et al. 1999) .
Phenylalanine ammonia lyase (PAL; EC 4.3.1.5) activity in fresh material was determined spectrophotometrically at 290 nm by measuring the conversion of phenylalanine to trans-cinnamic acid, as reported by Guidi et al. (2005) .
Experimental design, statistics and data analysis
The experiment was a complete random design, with each pot representing a replicate plant. A minimum of 40 plants, with a total of 200-240 shoots, was available for sampling for both the water and the light treatments. All measurements were carried out on 2-week-old leaves that had developed almost completely during the period of the light and water treatments. Predawn Ψ w and RWC were estimated on four replicate plants at the end of the experiment. Chlorophyll-fluorescence-derived parameters were analyzed on four replicate plants, at weekly intervals over the 4-week experiment. Shoot DM and LAER were measured at the end of the experiment, on eight replicate plants. Leaf gas exchange features and the concentration of nonstructural carbohydrates were measured on six and four replicate plants, respectively, at the end of the experiment. The complex of antioxidant enzymes and the concentration of ascorbic acid were quantified on four replicate plants at the end of the experiment. The activity of PAL and the concentration of phenolics were estimated on five replicate tissue samples sourced from two plants each. Data were subjected to a two-way analysis of variance (ANOVA), with light and water as fixed factors with their interaction factors. Chlorophyll-fluorescence-derived parameters were subjected to a two-way ANOVA at each sampling date over the 4-week experiment.
The extent to which the traits (X ) examined underwent adjustments because of water stress (NIV w ) and high solar radiation (NIV l ) was determined based on a normalized index of variation (NIV; Tattini et al. 2006) .The NIV derives from the plasticity index (PI) reported by Valladares et al. (2000) , and is a simplified version of the relative distance plasticity index (RDPI) proposed by Valladares et al. (2006) . 
The NIV differs from the RDPI in that NIV may assume both positive and negative values.
Results
Overall effect of light and water treatments on physiological and biochemical features
The physiological and biochemical traits examined varied significantly in response to high solar radiation, especially those linked to secondary metabolism (mean NIV l = 0.53). The flavonoid to secoiridoid and the di-hydroxy to mono-hydroxy B-ring-substituted flavonoid ratios increased in response to high solar radiation (mean NIV l = +0.75; Table 1 ). Chlorophyll-fluorescence-based parameters, except F v /F m , also varied in response to the light treatments (mean NIV l = 0.27), because Φ PSII decreased whereas both NPQ and ETR increased in response to high solar radiation. The activities of the pool of antioxidant enzymes and ascorbate concentration were also affected by changes in solar radiation (mean NIV l = 0.25), mostly because of variations in SOD activity (NIV l = 0.32) and ASC concentration (NIV l = 0.38). Gas exchange was minimally affected by the light treatments (NIV l = 0.14), because apparent V cmax , apparent J max and the C i /C a ratio were affected only slightly by changes in solar irradiance. Both RGR s and, especially LAER, varied (mean NIV l = -0.38) in response to solar irradiance. The water-stress treatment affected the physiological (mean NIV w = 0.14) and biochemical traits examined (mean NIV w = 0.11) less than the light treatment (Table 1) . In addition to reductions in g s , A max and apparent J max (mean NIV w = -0.22), the mild water stress treatment significantly reduced plant growth (mean NIV w = -0.29). The water-stress treatment had little effect on nonstructural carbohydrates (except mannitol, mean NIV w = +0.16) and the activities of antioxidant enzymes and PAL (mean NIV w = +0.11). The phenolic concentration decreased in response to the water-stress treatment (NIV w = -0.21), and significant changes were also observed in phenolic composition; both the flavonoid to secoiridoid and the flavonoid to hydroxycinnamate ratios increased in response to water stress.
Water relations, gas exchange and PSII photochemistry
The water stress imposed on the plants was mild (mean reductions in Ψ w and RWC were -0.22 MPa and 4.5%, respectively, in response to water stress), although reductions were more severe in sun plants than in shade plants ( Figure 1a , Table 1 ). Similarly A max decreased more in sun plants (-47%) than in shade plants (-22%), even though the decline in g s was similar in sun (-37%) and shade plants (-29%, Figure 1b) . The C i /C a ratio showed little response to water stress in sun plants (from 0.73 in WW plants to 0.75 in WS plants), but declined significantly (from 0.77 in WW plants to 0.69 in WS plants) in shade plants (data not shown; Table 1 ). Water-stress-induced reductions in apparent V cmax (Figure 1d ) and apparent J max (Figure 1e) were detected only in sun plants (Figure 1c = is net CO 2 assimilation rate in the absence of stomatal limitations; Pankoviae et al. 1999 ) was 47% in sun leaves and 9% in shade leaves. Net assimilated CO 2 over the whole experiment (CO 2 tot ) increased from 4.31 mol CO 2 m -2 in shade plants to 6.38 mol CO 2 m -2 in sun plants under optimal irrigation, whereas CO 2 tot of WS plants was 2.67 at the shaded site and 2.91 mol CO 2 m -2 at the sunny site (data not shown; Table 1 ).
There were significant water × light interaction effects on the chlorophyll-fluorescence-derived parameters over the whole experimental period (Figure 2) . In response to water stress, both F v /F m and Φ PSII decreased strongly, but only during the first 2 weeks of the treatment (Figures 2a and 2b) . At the end of the experiment, F v /F m did not differ between sun and shade leaves, and Φ PSII varied less than 20% between sun and shade leaves. By contrast, both NPQ and ETR were little affected by water supply, whereas high solar irradiance markedly increased both parameters (on average by 145%), irrespective of the duration of treatment (Figures 2c and 2d) .
Plant growth
Plant growth, estimated as LAER (-66%) and RGR s (-40%) decreased significantly in response to full sunlight, irrespective of the water treatment (Figure 3a ), although sun plants had a higher CO 2 tot than shade plants (Dokrak et al. 2004 net CO 2 assimilation at intercellular CO 2 concentration of 350 ppm; V cmax , maximum rate of CO 2 carboxylation by Rubisco; J max , maximum electron transport rate contributing to ribulose-1,5-bisphospahte (RuBP) regeneration; F v / F m , maximal efficiency of PSII photochemistry; Φ PSII , PSII efficiency in light conditions; NPQ, non-photochemical quenching; ETR, electron transport rate; CO 2 tot , net assimilated CO 2 over the experiment; LAER, leaf area expansion rate; RGR s , relative growth rate based on shoot dry mass (DM); SOD, superoxide dismutase; CAT, catalase; APX, ascorbate peroxidase; ASC, ascorbic acid; PAL, phenylalanine ammonia-lyase; di-hydroxy B-ring substituted flavonoids, quercetin 3-O-rutinoside + luteolin 7-O-glucoside; monohydroxy B-ring-substituted flavonoids, luteolin 4′-O-glucoside + apigenin 7-O-glycosides. Significance levels are indicated by asterisks: *, 0.05 > P > 0.001; ** P > 0.001; and ns, not significant. thicker than shade leaves (leaf lamina sizes were about 9 and 6 cm 2 , and leaf specific masses were 6.2 and 11.8 mg DM cm -2 in shade and sun leaves, respectively). The shoot DM to FM ratio also increased in response to full sun from 0.38 in shade to 0.43 in sun (data not shown). Water stress significantly affected LAER in shade plants but not in sun plants, whereas water-stress-induced decreases in RGR s did not differ markedly between shade and sun plants (Figure 3a) .
Nonstructural carbohydrates and antioxidant enzymes
Nonstructural carbohydrate concentrations differed between sun and shade leaves, irrespective of the water treatment (Figures 3c-f , Table 1 ). The greatest light-induced changes were observed for starch concentration (Figure 3c ), and to a lesser extent for concentrations of mannitol and glucose (Figures 3e  and 3f ). Of the soluble carbohydrates analyzed, mannitol varied in response to both stressors. Glucose concentration was unaffected by the water-stress treatment when expressed on a DM basis, but it increased significantly when expressed on a tissue water molar basis (from 153 in WW leaves to 178 mM in WS leaves; Table 1 ). Other soluble carbohydrates changed in a minor way in response to both stressors (data not shown, but see Figure 3d ). Assuming that nonstructural carbohydrates originated exclusively from CO 2 tot , the amount of newly assimilated carbon recovered in carbohydrates was calculated to increase from 37.9 mg g -1 CO 2 in shade leaves to 93.5 mg g -1 CO 2 in sun leaves, and from 41.1 mg g -1 CO 2 in WW leaves to 79.3 mg g -1 CO 2 in WS leaves. Antioxidant enzymatic activities and ASC concentration increased in response to full sun in WW plants (mean 148%), whereas water stress significantly affected the antioxidant system only in shaded leaves (Figure 4 ). In particular, we observed major changes in CAT activity (+232%) and APX concentration (+76%) when shade leaves were exposed to water stress (Figures 4c and 4d) .
PAL activity and phenylpropanoid metabolism
Phenolic metabolism varied more in response to the light treatment than to the water treatment ( Figure 5 , Table 1 ). The activity of PAL increased by 166 and 16% in response to high solar irradiance and water stress, respectively. A significant water-stress-induced increase in PAL activity (+63%, Figure 5a ) was detected only in shade leaves. The activity of PAL was linearly correlated with phenolic CO 2 (PAL = -2.64 + 0.57 phenolic CO 2 , r 2 = 0.9978, P = 0.0015), but was unrelated to either phenolic (which decreased from 57.0 in WW to 31.0 mg g DM -1 in WS plants) or phenylpropanoid (which decreased from 16.1 in WW to 10.4 mg g DM -1 in WS plants) concentrations. Both treatments had a strong influence on the amount of carbon (CO 2 tot ) available for polyphenol synthesis (Table 1) . The flavonoid to hydroxycinnamate (+139%), and particularly the flavonoid to secoiridoid (+547%) ratios showed greater changes in response to full sun than to water stress (Figure 5b ). The composition of flavonoids (namely the ratio of di-hydroxy B-ring (que 3-O-rut + lut 7-O-glc) to mono-hydroxy B-ringsubstituted flavonoids (apigenin glycosides + lut 4′-O-glc)) and hydroxycinnamate pools (i.e., the ratio of p-coumaric acid to echinacoside) was also affected more by the light treatment than by the water-stress treatment (Table 1, Figure 5c ). Nevertheless, both the echinacoside to p-coumaric ratio and the dito mono-hydroxy B-ring-substituted flavonoid ratio increased significantly in response to water stress in shaded leaves (Figure 5c ).
Discussion
We investigated the effects of water stress and solar irradiance on the performance of Ligustrum vulgare to determine the extent of their interactions on biochemical traits, which, in turn, may help explain the ecological distribution of this species in Mediterranean-type ecosystems. The mild water-stress treatment (RWC did not drop below 89.5%, and F v /F m did not show chronic inhibition, Figures 1 and 2 ) reduced photosynthetic rates to a much greater extent in sun leaves (-49%) than in shade leaves (-22%), likely because of the stronger mesophyll limitations to CO 2 conductance in sun leaves 878 GUIDI, DEGL'INNOCENTI, REMORINI, MASSAI AND TATTINI TREE PHYSIOLOGY VOLUME 28, 2008 Figure 1 . (a) Water potential (Ψ w ) and (b) relative water content (RWC) at predawn, (c) stomatal conductance (g s ) and (d) net CO 2 assimilation rate (A max ) at saturating light, (e) the apparent maximum rate of carboxylation by Rubisco (V cmax ) and (f ) the apparent maximum electron transport rate contributing to ribulose-1,5-bisphosphate regeneration (J max ) in Ligustrum vulgare leaves exposed to shade (12% of full solar radiation) or full sun (100%), under well-watered (open bars) or water-stressed (gray bars) conditions, at the end of a 4-week treatment period. Values are means ± SD, n = 4 for RWC and Ψ w , and n = 6 for other features. Bars not accompanied by the same letter are significantly different at P < 0.05, based on a least significant difference (LSD) test. (Hanba et al. 2004 , Flexas et al. 2006 ). Water stress has been shown to exacerbate the light-induced increase in mesophyll resistance to CO 2 diffusion, which we did not account for when calculating apparent V cmax and apparent J max (Flexas et al. 2006) . Down-regulation of photosynthetic rates is an effective control mechanism for protecting the photosynthetic apparatus from photodamage at low CO 2 availability Pearcy 1997, Chaves et al. 2002) . We also observed that, early during the treatment period, water stress acted together with high solar irradiance in reducing PSII photochemistry in L. vulgare (Figure 2 ; cf. Demmig-Adams 1995, Valladares and Pearcy 1997) , likely because of the fast imposition of the water-stress treatment in our experiment. However, the decline in both the maximal and the actual efficiency of PSII photochemistry (Figure 2 ) was not the primary cause of the water-stress-induced reductions in A max in sun plants (Figure 2) (Flexas et al. 1998 (Flexas et al. , 2006 . Other mechanisms for protecting the photosynthetic apparatus from photodamage-namely (1) an increase in NPQ ( Figure 2c) ; and (2) the consequent down-regulation of Φ PSII (Figure 2b ), which should have offset a greater electron transport rate (Figure 2d ) by meeting the need for greater reducing power to support carboxylation of Rubisco (Krause and Weis 1991)-likely contributed to the limitation of A max in full sun Adams 1996, Müller et al. 2001) . Sun leaves contained much higher concentrations of nonstructural carbohydrates than shade leaves (Figures 3c-f) , so carbohydrate-mediated feedback regulation of photosynthesis may also have limited A max in full sun, irrespective of the water treatment (Koch 1996 , Jang and Sheen 1997 , Rolland et al. 2002 . The significant increase in mannitol concentration was likely a result of reduced sink strength (Paul and Foyer 2001) in both sun (as also observed for starch concentration) and water-stressed plants. The Oleaceae mostly use mannitol for carbohydrate transport (Flora and Madore 1993, Tattini et al. 2002) . The increase in mannitol concentration, as well as contributing significantly to osmotic adjustment in WS plants (Tattini et al. , 2002 , may have conferred a greater ROS scavenger activity to sun leaves than to shade leaves, because mannitol is an effective quencher of hydroxyl radicals . Other biochemical features primarily involved in countering increases in oxidative load in the photosynthetic apparatus (Foyer et al. 1994 ), e.g., the complex of antioxidant enzymes and ASC, also operated to a much greater extent in sun leaves than in shade leaves (Figure 4 ; Schwanz et al. 1996) . The finding that neither enzymatic activity nor ASC concentration changed much in sun leaves exposed to water stress (Figure 4) suggests that acclimation mechanisms to high solar radiation equipped leaves with an effective antioxidant system (Alscher et al. 2002 , Foyer 2004 ) that countered the potential for increased generation of ROS driven by water stress-an example of cross-tolerance (Pastori and Foyer 2002) .
In contrast to sun leaves, the constitutive antioxidant enzyme system in shade leaves may have been unable to counter the water-stress-induced oxidative load (Tattini et al. 2005) , and so the activities of enzymes devoted to ROS removal greatly increased (Bartoli et al. 1999 , Jiang and Zhang 2002 , Luna et al. 2005 . The large increase in CAT activity in shade leaves likely occurred in response to the accumulation of H 2 O 2 generated by photorespiration (Noctor et al. 2002) , which presumably replaced photosynthesis as an electron-consuming process in the WS plants. The finding that ETR did not vary much between WW and WS plants at the shaded site (Figure 2d) indicates that most electron transport was used for carboxylation and oxygenation of Rubisco. In turn, the high O 2 to CO 2 ratio in the chloroplasts should have enhanced photorespiration because of the sharp reduction in stomatal opening. However, this suggestion has to be considered with caution, because the shallow chloroplast layer was probed by the weak measuring beam of the fluorometer during ETR measurements, whereas gas exchange was measured at the whole-leaf level. Up-regulation of phenolic and particularly phenylpropanoid metabolism in L. vulgare leaves ( Figure 5 ) appeared to depend on oxidative signals, even though light-and water-stress-induced increases in nonstructural carbohydrate concentration may also have enhanced the expression of phenylpropanoid biosynthesis genes (Koch 1996 , Jang and Sheen 1997 , Arnold et al. 2004 ). This idea is supported by the observation that PAL activity (Mackerness et al. 2001 , Pellinen et al. 2002 and the ratio of "effective" antioxidant (echinacoside, que 3-O-rut and lut 7-O-glc) to "poor" antioxidant phenylpropanoids ( p-coumarate, lut 4′-O-glc and api 7-O-gly) substantially increased in response to high solar radiation and water stress, especially in shaded plants , Pellinen et al. 2002 , Tattini et al. 2004 ). Newly assimilated carbon allocated to antioxidant flavonoids was estimated to increase by 250% (from 0.4 in WW to 1.4 in µmol g -1 CO 2 in WS plants) in shade plants exposed to water stress.
The extent to which biochemical traits changed in response to high solar radiation (antioxidant enzymes by 148% and antioxidant flavonoids by more than 30-fold in WW plants) allowed sun leaves to counter the increased oxidative load in response to mild water stress. These biochemical adjustments likely diverted a large proportion of the assimilated carbon from shoot growth (carbon allocated to phenolics was estimated to increase by 136% in response to exposure to high sun). These findings contrast with the more conservative resource-use strategy adopted by most Mediterranean species to cope with high solar radiation (Valladares et al. 2000 , Tattini et al. 2006 , and agree with recent findings of a lack of a direct relationship between phenotypic plasticity in morpho-anatomical and biochemical traits and adaptation to excess light (van Kleunen and Fischer, 2004 , Tattini et al. 2005 . However, mechanisms of acclimation to mild water stress in the shade also diverted carbon from growth to equip leaves with both enzymes (particularly those for H 2 O 2 detoxification) and flavonoids (which may also quench H 2 O 2 freely diffusing from the organelles to the vacuole; Yamasaki et al. 1997 , Takahama 2004 ) that counter increases in oxidative load. In particular, the reduction in LAER caused by mild water stress, which 880 GUIDI, DEGL'INNOCENTI, REMORINI, MASSAI AND TATTINI TREE PHYSIOLOGY VOLUME 28, 2008 partly reflects an increase in biomass allocation to belowground organs in water-stressed plants (Deng et al. 2006) , suggests that L. vulgare may encounter difficulties as a result of interspecific competition for sunlight in coastal areas of the Mediterranean basin that are subject to a severe drought during the summer. Our dataset is consistent with the nearly exclusive distribution of L. vulgare in inland, partially shaded areas of the Mediterranean basin, where severe drought does not occur. However, we note that our shade treatment differed from the solar irradiances that shaded plants experience under field conditions, which frequently include sunflecks. Sunflecks coupled with water stress may detrimentally affect PSII photochemistry to a greater degree than we observed in plants growing in constant shade; however, sunflecks also have the potential to enhance leaf antioxidant defenses. Figure 5 . (a) Phenylalanine ammonia-lyase (PAL) activity and (b) the increase in phenolic concentration normalized to the newly assimilated CO 2 over the experimental period (phenolic CO 2 ), (c) the flavonoid to hydroxycinnamates and (d) the flavonoid to secoiridoids ratios, (e) the echinacoside to p-coumaric acid and (f) the di-hydroxy B-ring-substituted to mono-hydroxy B-ring-substituted flavonoid ratios in leaves of Ligustrum vulgare exposed to shade (12% full sunlight) or full sun (100%), while well-watered (open bars) or waterstressed (gray bars) over a 4-week experiment. Values are means ± SD, n = 5, and those not accompanied by the same letter are significantly different at P < 0.05, based on a least significant difference (LSD) test. Di-hydroxy B-ring-substituted flavonoid glycosides include quercetin 3-O-rutinoside and luteolin 7-O-glucoside; monohydroxy B-ring-substituted flavonoid glycosides include luteolin 4′-O-glucoside, apigenin 7-O-glucoside and apigenin 7-O-rutinoside.
